In the past decades, multiple studies have been interested in developmental patterns of the visual system in healthy infants. During the first year of life, differential maturational changes have been observed between the Magnocellular (P) and the Parvocellular (P) visual pathways. However, few studies investigated P and M system development in infants born prematurely. The aim of the present study was to characterize P and M system maturational differences between healthy preterm and fullterm infants through a critical period of visual maturation: the first year of life. Using a cross-sectional design, high-density electroencephalogram (EEG) was recorded in 31 healthy preterms and 41 fullterm infants of 3, 6, or 12 months (corrected age for premature babies). Three visual stimulations varying in contrast and spatial frequency were presented to stimulate preferentially the M pathway, the P pathway, or both systems simultaneously during EEG recordings. Results from early visual evoked potentials in response to the stimulation that activates simultaneously both systems revealed longer N1 latencies and smaller P1 amplitudes in preterm infants compared to fullterms. Moreover, preterms showed longer N1 and P1 latencies in response to stimuli assessing the M pathway at 3 months. No differences between preterms and fullterms were found when using the preferential P system stimulation. In order to identify the cerebral generator of each visual response, distributed source analyses were computed in 12-month-old infants using LORETA. Source analysis demonstrated an activation of the parietal dorsal region in fullterm infants, in response to the preferential M pathway, which was not seen in the preterms. Overall, these findings suggest that the Magnocellular pathway development is affected in premature infants. Although our VEP results suggest that premature children overcome, at least partially, the visual developmental delay with time, source analyses reveal abnormal brain activation of the Magnocellular pathway at 12 months of age.
Introduction
In the past decades, several studies have been interested in developmental patterns of the visual system in fullterm and premature infants. In fullterms, a relationship has been demonstrated between specific visual stimulations and preferential parvocellular (P) and magnocellular (M) visual system activation [1] [2] . The P pathway, so-called ventral stream due to anatomical association to the temporal lobe, responds optimally to higher luminance contrasts and is most sensitive to lower temporal and higher spatial frequencies. This pathway is specific to central vision as well as colour and form perception. The M pathway, also known as the dorsal stream because of its structural association to the parietal lobe, responds to lower luminance contrasts and is most sensitive to higher temporal and lower spatial frequencies. It is specific to peripheral vision and processing of rapid motion [3] .
During the first year of life, differential maturational changes have been observed between the P and M visual systems. In a previous study, we showed in fullterm infants aged between 0 and 52 weeks that the M pathway matures faster and is functional earlier than the P system [2] . Moreover, the developmental period between 3 and 6 months of age appears to be critical for the maturation of these pathways [1] , [2] .
The preferential activations of M and P systems can be studied in babies born prematurely with the use of visual evoked potentials (VEPs), more specifically the N1 and P1 components, to investigate the possibility of altered activity in the visual system. VEPs are an objective, non-invasive measure of the electrophysiological response of the occipital cortex following the presentation of a visual stimulus. The literature regarding the developmental pattern in preterm infants, as demonstrated using VEPs and psychophysical measures, is unclear. Some studies suggested an accelerated visual development in age adjusted premature infants with respect to fullterm babies [4] , while others found a developmental delay [5] .
The current study sought to characterize P and M system maturational differences between healthy preterm and fullterm infants through a critical period of visual maturation, which is the first year of life. We used controlled stimuli, known to preferentially activate either the M or P systems, to evoke N1 and P1 components and applied traditional VEPs peak analyses as well as distributed source models, which have never been used in such a young sample. In order to perform distributed source analyses, dense array electroencephalogram (EEG) was used. Given the methodological limitations, inverse solutions were calculated in 12-month babies only.
Materials and Methods

Participants
Thirty-three healthy preterm and 41 fullterm infants were tested using a cross-sectional design at 3, 6, or 12 months of age (see table 1) (corrected ages for preterms). As recommended by the American Academy of Pediatrics [6] , preterm age was corrected at 40 weeks' postmenstrual age, according to mothers' reports and ultra-sound examinations before birth [7] . Corrected age represents the age of the child from the expected date of delivery [8] and is calculated by subtracting the number of weeks born before 40 weeks of gestation from the chronological age [6] . The preterm infants were recruited during ophthalmologic assessments included in routine clinical follow-up at the Centre Hospitalier Universitaire Ste-Justine. Reason for prematurity was unknown in most infants. In a few participants, prematurity was due to placental abruption or mother's preclampsy. No participants had major intervention during their stay at the hospital, except for two preterms who underwent a successful Patent Ductus Arteriosus closure. All preterms had their hospital discharge around the expected date of birth or before. The fullterm group infants all had uncomplicated births and were recruited from the obstetric and paediatric units. All participants were in good health at time of testing and had no medical or developmental problems. Complicated pregnancies (i.e. pregnancy diabetes or intra-uterine growth restriction) or children with brain injury or lesion (i.e. periventricular leukomalacia) were excluded from the sample. Any visual problems such as retinopathy of prematurity were ruled out on ophthalmologic assessment. Of these 74 infants, data from two preterm (but none of the fullterms) infants were excluded because of insufficient trials due either to their state of arousal (crying or sleeping babies), movement artefacts, or other non-neurological related activity (e.g., electrical noise, cardiac rhythm artefacts). Data from the remaining 72 participants (31 preterm; 41 fullterm) were included for analysis.
Ethics statement
The experiment was conducted with the informed written consent of each parent and with formal approval from the CHU Sainte-Justine Ethics and Scientifics committees.
Stimuli and procedure
Participants passively viewed a three-phase reversing vertical sine-wave grating of first order covering 20.25615.25 degrees of visual angle. Stimuli were two low spatial frequencies (0.5 cycles per degree [cpd]) presented at two Michelson [9] contrasts (10% and 95%), and one high spatial frequency (2.5 cpd) at 95% contrast ( Figure 1a) . A particular stimulus was presented for 500 ms, after which the phase was reversed and lasted for 500 ms (1 Hz), with the original stimulus then appearing, and so on. The current study designated the co-stimulating (i.e. mixed) condition as Low95%, the preferential M system condition as Low10%, and the preferential P system condition as High95%. Luminance remained constant at 30 cd/m2 and shifts between stimuli occurred at a reversal rate of 1 Hz. Each stimulus was presented 150 times. The stimulus sequences were generated by E-Prime Psychology Software (Psychology Software Tools Inc., Pittsburgh, USA), on a DELL computer located in an adjacent room. The recording sessions took place in a dark and soundproof Faraday room. Participants were seated on their parent's lap. In order to keep the participant's gaze onto the stimuli, a small toy was presented in the middle of the monitor by an experienced assistant. In addition, the assistant observed the participant looking at the screen during the whole recording and gave a button press indicator light to the experimenter located into the adjacent computer room whenever the child looked away from the screen. The associated EEG segments were then excluded for further analyses.
Data acquisition
EEGs were recorded with a high-density Geodesic Sensor Net system with 128 electrodes and were amplified by the Net Amps 200 (Electrical Geodesics Inc., Eugene, OR). Reference was located at the vertex and electrode impedance was kept under 40 kV [10] . Ground channel was located on the midline between Cz and Pz (CPz). Using the Net Station program running on a G4 Macintosh computer, EEG signals were acquired at a sampling rate of 250 Hz and analog band pass filtered from 0.1 to 100 Hz.
Standard EEG data analysis and statistics
EEG signals were analyzed off-line with Brain Vision software, version 2.02 (Brain Vision Products, Munich, Germany). In order to reduce noise (e.g., muscles artefact, drift), the EEG signals were first filtered using a digital band-pass filter (1-30 Hz; 24 dB/ octave) and re-referenced using an average reference [11] . Eye movement artefacts were removed with a semi-automatic ICA method implemented into BrainVision Analyzer [12] using the EGI net default reference channel (Cz). Blink detection was performed using the Value Trigger algorithm to optimize the detection of the prototypical blink patterns. Infomax Extended Biased technique was used for the ICA decomposition (number of ICA steps: 512). For the identification of components related to VEOG and HEOG activity, the Sum of squared Correlation with VEOG/HEOG, which is a correlative score between the component activation and the activity of the selected channels, was used (total value to delete: 60%). For a detailed description of this method see [13] ).
VEP time series from 2100 ms to 500 ms were edited followed by a semi-automatic artifact rejection based on voltage criteria (6150 mV). EMG electrodes (bilateral temporomandibular joint electrodes) were used as a reference for muscular activity during visual inspection. EEG time series with an amplitude criterion of 6150 mV were withdrawn from the analysis. Because young infants have higher amplitude values compared to older children, this relatively permissive threshold was used to ensure keeping all EEG activity. A visual inspection of data was also applied by an experimented electrophysiologist (P.V.) to remove remaining artifact activity. Good segments were baseline corrected (baseline from 2100 to 0 ms) and then averaged. For each subject, EEG time-series were edited in response to the 3 types of visual stimuli: 1) Low95% (co-stimulating condition, mean = 56 trials (3-month); 66 trials (6-month); 76 trials (12-month) stimuli), 2) Low10% (the preferential M system condition, mean = 79 trials (3-month); 74 trials (6-month); 81 trials (12-month) stimuli), and 3) High95% (the preferential P system, condition mean = 51 trials (3-month); 61 trials (6-month); 76 trials (12-month) stimuli).
Examining the topographical distribution of N1 and P1, we identified Oz as the electrode showing the highest VEP amplitude. A semi-automatic peak detection on Oz was thus performed to identify the maximum (P1) and minimum (N1) peaks in a specific time-window (N1 = 60-120 ms; P1 = 100-220). The first negative (N1) and the first positive (P1) components latency and amplitude were identified for each stimulus. Each assessment was reviewed by two experimenters for an inter-rater agreement. Latency and amplitude values were exported to SPSS software for each ERP component. For each visual stimulation condition (Low10%, Low95%, and High95%), analyses of variance (ANOVA) with group (preterms and fullterms) and age (3, 6 , and 12 months) were performed on latencies and amplitudes of each component (N1 and P1) separately. Interactions were tested, and Bonferroni posthoc tests were used. All reported p values used two-tailed tests of significance with set at 0.05. All results are expressed as mean 6 standard deviation (SD).
Source analyses
Partly due to the small head size, white and gray matter segmentation on 3 and 6-month infant brain template was inaccurate. Based on this methodological limitation, inverse solutions were calculated in 12-month babies only.
For each participant, edited single-trial EEGs for each condition were exported to Matlab v7.0.4 (The MathWorks, Inc.) for nonparametric permutation tests and source analyses. In order to determine the time points that were significantly different between the 0 to 500 ms post-stimulus onset time window and the baseline (2100 to 0 ms), a nonparametric permutation test was applied. Nonparametric permutation test was computed on each stimulus condition for both preterm and fullterm infants. Basically, permutation test creates random groups among the two compared conditions (0-500 ms post-stimuli and baseline time windows) while randomly varying their composition. A total of 500 permutations under the null hypothesis of no-difference between conditions were carried out separately on the EEG time series of Oz, O1 and O2 electrodes, where visual responses were expected. The results of the permutation test provided plots of probabilities for accepting the null hypothesis for each sampled time point and for each electrode, defining as significant those time points with probability below the significance level of 0.05 (see [14] ; for more details on nonparametric permutation test). Significant time points identified with the permutation test were used for retrieving source analyses on Grand Averaged data.
In order to identify the generators of N1 and P1 components, source analyses using 117 electrodes (i.e., excluding 11 electrodes: 4 VEOG, 2 HEOG, 2 EMG, and 3 additional electrodes located on the nape of the neck (thus not recording cerebral activity) from the 128-electrode set) were computed with low resolution electromagnetic tomography analysis (LORETA) [15] for each significant time points identified using permutation tests. Source analyses were performed using NEURONIC Source Localizer and Tomographic Viewer programs (Neuronic Inc.). Age-matched infant Brain Templates from the Cincinnati Children's Hospital Medical Center [16] were used for the source analyses and preprocessed with the NEURONIC iMagic Pro software (Neuronic Inc.) for extracting the surface of the head and fitting the electrodes to this surface. An isotropic and piecewise homogeneous 3-sphere head model with 18896 (generators) voxels inside the infant's brain with a resolution of 4 mm was used for obtaining the electric lead field [17] . LORETA solutions were first calculated for each visual stimulus condition in every 12-month-old individual subject (preterms and fullterms), and these were averaged across subjects to find the mean LORETA solution for each condition. Specific region of interests (ROI) were defined using Brodmann areas: Occipital area (BA 17), dorso-parietal area (BA 19 and 7), Bilateral temporal cortex (BA 20, 21, 22) , and Bilateral frontal areas (BA 10 and 11). Individual source waveforms were extracted from each ROI at N1 and P1 latencies. One-way ANOVAs were performed using SPSS for each visual stimulation condition and ROI in order to identify group differences.
Results
Although most datasets were normally distributed, a few had an abnormal distribution as shown using Shapiro-Wilk tests. In addition to parametric tests, nonparametric tests were thus performed and provided similar results. In the interests of clarity, only parametric test results are presented here [18] .
VEP latency and amplitude
Latency and amplitude values of the VEPs (N1 and P1) elicited by each visual stimulus condition were analyzed according to group (preterm and fullterm infants) and age (3, 6 , and 12 months) using independent measure ANOVAs. Figure 1b illustrates the grand-average ERPs for preterm and fullterm groups in response to each visual stimulation at 3, 6, and 12 months of age. Figures 2  and 3 show the latency and amplitude values respectively of N1 (a) and P1 (b) for each group and age.
Mixed activation of P and M systems (Low95% stimulation). For latency analyses, significant age and group effects were found on N1, but the age by group interaction was not significant. For amplitude analyses, a significant age effect was found on N1 (F(2,66) = 3.454, p = 0.037), amplitude increasing especially between 3 months and 6 months of age (3 months: 23.9662.92 mV; 6 months: 26.5764.85 mV; 12 months: 24.6562.75 mV). No significant group effect or age by group interaction was found.
P1 amplitude was significantly different between groups (F(1,66) = 3.929, p = 0.052), with greater amplitude in fullterms (7.8064.66 mV) than in preterms (6.2564.80 mV), and ages (F(2,66) = 3.700, p = 0.030), with amplitude decreasing with age (3 months: 8.8965.25 mV; 6 months: 7.7765.16 mV; 12 months: 5.2363.21 mV). No significant group by age interaction was found.
The preferential M system (Low10% stimulation). Latency analyses revealed a significant group by age interaction on N1 (F(2,66) = 6.480, p = 0.003) and P1 (F(2,66) = 3.113, p = 0.051). Subsequent post-hoc analyses using Bonferroni tests indicated that latencies were significantly delayed in preterm compared to full term infants for N1 (p = 0. Amplitude analyses revealed that N1 amplitudes fluctuated with age (F(2,66) = 6.261, p = 0.003), increasing especially between 3 months and 6 months of age (3 months: 21.0860.90 mV; 6 months: 22.7961.94 mV; 12 months: 22.2061.57 mV). No differences were found between ages for P1 and between groups for N1 and P1. VEPs latencies for each visual stimulation, group and age. On both bar-charts (a and b), VEPs latencies in response to the mixed or co-activations of P and M pathways (Low95% stimulus) are shown on the left part of the histogram; to the preferential M pathway (Low10% stimulus) on the middle part of the histogram; and to the preferential P pathway (High95% stimulus), on the right part of the histogram. For each stimulation, VEP latencies from both groups (preterms and fullterms) and each age (3, 6 and 12 months) are presented separately and identified in the legend. Significant differences (p#0.05) are identified with *, and tendencies (p.0.05) with (*). a) N1 component latencies. In response to the preferential M pathway stimulation, significant differences at 3 months of age are found between preterm and fullterm groups. Moreover, compared to fullterm infants, preterms from all age groups taken together had longer N1 latencies in response to the Low95% stimulation, which activate both M and P systems. No differences are found in response to the preferential P pathway stimulations. b) P1 component latencies. In response to the preferential M pathway stimulation, significant differences at 3 months of age and statistical tendencies at 6 and 12 months are found between preterm and fullterm groups. No differences are found in response to the mixed and preferential P pathway stimulations. doi:10.1371/journal.pone.0107992.g002
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The preferential P system (High95% stimulation). For latencies analyses, a significant age effect was found on N1 (F(2,66) = 5.713, p = 0.005) and P1 (F(2,66) 
Source analyses
The mean LORETA solutions corresponding to 12-month preterm and fullterm infants cerebral response to each visual stimulus are shown in Figure 4 . A permutation test was used to generate latencies for source analysis, by investigating statistical Visual Pathway Developmental Delay and Prematurity PLOS ONE | www.plosone.orgdifferences between visual stimulus conditions and their own baseline. Source distribution at two specific time points associated with PEVs, which were identified as the two points of maximal difference with the permutation test, are illustrated for each stimulation condition.
Comparison between both groups reveals similar cerebral activation located in the primary visual cortex in 12-month old fullterm and preterm infants at all time points in response to the Low95% (co-activations of P and M systems), Low10% (the preferential M system), and High95% (the preferential P system) stimulations.
For Low95% and High95% conditions, there were no significant differences (p.0.05) between fullterms and preterms for all ROIs at N1 and P1 latencies.
In response to Low10% stimulation, a strong activation in the dorso-parietal region was found in fullterm babies, corresponding to the expected mature M pathway response, but not in preterm infants (Figure 4 , Preferential M). Source intensity waveforms extracted from the dorso-parietal ROI of both groups are shown on Figure 5 . One-way ANOVA revealed a statistical tendency (F(1, 27) = 3.788, p = 0.063) at 120 ms, which corresponds to the P1 component. No statistical differences were found around the N1 latency. Similarly, no statistical differences were found between groups on source intensity waveforms extracted from bilateral temporal cortex or bilateral frontal areas.
Discussion
In previous studies, our team as well as others demonstrated that the use of controlled paradigms evoking M or P visual system responses during EEG recordings allowed the electrophysiological identification of the developmental timeline for these pathways [2] . More specifically, the M system is preferentially activated when using low spatial frequency-low contrast stimulus conditions, whereas the P system is predominantly recruited with presentation of high spatial frequency-high visual contrast conditions. In this study, we investigated the impact of premature birth on the development of M and P pathways by studying, in preterm and fullterm infants, the maturation of N1 and P1 VEP components evoked with controlled paradigms and examining brain regions involved when these pathways are activated.
As reported in previous studies [2] , the developmental period between 3 and 6 months of age seems to be critical for M and P system development. Indeed, our results show decrease of N1 and P1 latencies with age, especially between 3 and 6 months, confirming the presence of this critical developmental period in fullterm and preterm infants. Moreover, N1 amplitude increases with age, again more importantly between 3 and 6 months. This critically developmental stage probably corresponds to the period of myelinisation of the geniculate-occipital pathway [19] .
Our results also reveal that prematurity affects visual system development, more specifically the M pathway. When compared to fullterms, preterm infants show longer N1 and P1 latencies in response to the preferential M system stimulation (Low10%). This was found only in 3-month infants for N1 and P1, although a tendency was measured for P1 in 6 and 12-months old participants. Moreover, compared to fullterm infants, preterms had longer N1 latencies and smaller P1 amplitudes in response to the Low95% stimulation, which activates both M and P systems. Finally, no difference between preterm and fullterm infants was found when using the preferential P system stimulation (High95%). Therefore, our findings suggest that preterm infants have a developmental delay for the M system but not the P system, and that this delay seems to resolve gradually with age. It confirms the developmental vulnerability of the M pathway, compared to the P pathway, in preterm infants reported in previous studies [1] , which also showed that prematurity appears to disrupt the development of M visual pathway, in preterm infants aged between 16 and 52 weeks compared to fullterm babies.
A first explanation for these results would be that the M (dorsal) system is more affected by a prematurity than the P system. This possible vulnerability of the M pathway has been reported in a wide range of both genetic and acquired developmental disorders, such as autism [20] , dyslexia [21] and Williams syndrome [22] . In the context of premature birth, this vulnerability could be explained by differences in developmental periods for each visual pathway. Indeed, the M pathway development is thought to occur earlier, before birth in the intrauterine environment more precisely during the third trimester of the pregnancy, whereas the P system is thought to develop several weeks later, after birth during neonatal period in fullterms [2] , explaining why a premature birth affects more significantly the M visual pathway the P system [1] .
Another hypothesis that might explain developmental delay differences between the M and P pathways in preterms is the « visual experience hypothesis » [23] . This hypothesis states that because they are born earlier, preterm infants have more visual experience (coming from the extrauterine world) compared to agematched fullterm infants. This additional visual experience might accelerate the visual maturation of the P pathway. Bosworth and Dobkins [23, 24] showed that in healthy preterm infants, P visual system maturation is positively influenced by the extra visual experience, but no significant effect was reported on the M system. Thus, the additional visual experience may compensate for the negative effect of prematurity on the P pathway, but not on the M pathway, which might explain why we found a maturational delay for M, but not P, system. In sum, both hypotheses support the present results showing a developmental delay in M, but not in P, visual pathway in preterms, and the explanation might include both hypotheses.
In our group of preterms, M pathway impairments seem to resolve partly with age. This has been previously reported by Bosworth et al. [23] . Using psychophysical assessment, they showed significant developmental delay in the M pathway in 2-to 6-month-old preterm infants, but no more impairment in infants aged between 6 and 11 months, suggesting a gradual resolution of the developmental delay with age. In the present study, we used high-density EEG recordings that allowed distributed sources analyses. Although results from traditional VEPs latency and amplitude peak (at Oz) analyses suggest that the M system maturational delay gradually resolves with age, source analyses show that immature development does not completely disappear and is still in some way present at 12 months in preterm infants. Indeed, the M system recruits the primary visual cortex response in both groups, but only fullterm infants tend to present a stronger activation in the dorso-parietal region, corresponding to the expected mature M pathway response. In addition, an activation is seen in bilateral temporal areas in preterms, compared to fullterm infants. However, no statistical differences were found between groups in this area. Inter-individual variability might explain this non-significant result. This result could also be due to the effect of multiple sources limitations associated with the methodological constraints (spherical head geometry instead of realistic model, use of 12-month-old template instead of individual magnetic resonance imaging) [25] . For the P visual pathway, no difference in brain sources was found. Overall, these results suggest that in 12-month-old preterms, the ventral stream (occipito-temporal or P pathway) is normally developed, whereas the dorsal stream (occipito-parietal or M pathway) is still immature or altered. The use of high-density EEG and distributed source models allowed to investigate changes during development in brain generators of visual systems in our population, showing abnormal M system cerebral activity in response to visual stimulation in 12-month preterm infants.
Limitations
The present study has several limitations. First, it includes a relatively small sample size. Larger groups of infants would have allowed to investigate factors associated with prematurity, such as birth weight and gestational age, and look at the effect of these Figure 4 . Source distribution. Mean LORETA solutions (represented in transverse and sagittal planes) for the cerebral response induced by three visual stimulations: Mixed (Low95%), which co-activate P and M systems (top line); the preferential M system (Low10%, middle line); and the preferential P system (High95%, bottom line), of 12-month-old fullterms (left column) and preterm (right column). Source distributions at two specific time points, which correspond to time points associated with N1 and P1, are illustrated for each stimulation. (*) Differences on source localisation between fullterms and preterms are seen in response to the preferential M pathway (statistical tendency; p = 0.063). Radiological convention is here used left (L) = right (R) and R = L. Anterior (A); posterior (P). doi:10.1371/journal.pone.0107992.g004
Visual Pathway Developmental Delay and Prematurity PLOS ONE | www.plosone.orgfactors by dividing infants into several groups (e.g. low birth weight vs. extremely low birth weight; or late, moderate, severe, and extreme prematurity). Another limitation is related to the crosssectional design of our study. Conducting a longitudinal study can be challenging especially when it comes to participants' compliance. It has not been possible to retrace or recruit participants seen at 3 months of age for multiple testing, explaining the choice of our study design.
Conclusions
The use of specific VEP paradigms allowed the study of the impact of premature birth on visual development. More specifically, observations of the P1 and N1 components in the Low10% and Low95% conditions show that at 3 months, a delay is present. Since no differences were observed in the High95% condition, the differences observed in the mixed and M condition may reflect an immaturity of the M visual system development. As shown previously [26] , these results suggest the absence of benefit of the extra-uterine experience, at least for the M pathway, which may not be the case for the P pathway [4] . It also confirms the maturation vulnerability of the M pathway to prematurity. In spite of the VEP amplitude and latency recovery, the results of the source analyses show that the developmental delay of the M system persists at least until 12 months of age in preterm babies. Further source analysis studies in older children are needed to investigate the M pathway impairment in preterm infants to determine if the M system eventually recruits the parietal region or if it develops abnormally, not recruiting these dorsal regions. 
